At high concentrations, the tubule poison paclitaxel is able to kill cancer cells that express Bcl-2; it inhibits the antiapoptotic activity of Bcl-2 by inducing its phosphorylation. To localize the site on Bcl-2 regulated by phosphorylation, mutant forms of Bcl-2 were constructed. Mutant forms of Bcl-2 with an alteration in serine at amino acid 70 (S70A) or with deletion of a 60-aa loop region between the ␣1 and ␣2 helices (⌬loop Bcl-2, which also deletes amino acid 70) were unable to be phosphorylated by paclitaxel treatment of MDA-MB-231 cells into which the genes for the mutant proteins were transfected. The ⌬loop mutant completely inhibited paclitaxel-induced apoptosis. In cells expressing the S70A mutant, paclitaxel induced about one-third the level of apoptosis seen with wild-type Bcl-2. To evaluate the role of mitogen-activated protein kinases (MAPKs) in Bcl-2 phosphorylation, the activation of c-Jun N-terminal kinase (JNK), extracellular signal-regulated kinase (ERK), and p38 was examined. Paclitaxel-induced apoptosis was associated with phosphorylation of Bcl-2 and activation of ERK and JNK MAPKs. If JNK activation was blocked by transfections with either a stress-activated protein kinase kinase dominantnegative (K3R) gene (which prevents the activation of a kinase upstream of JNK) or MAPK phosphatase-1 gene (which dephosphorylates and inactivates JNK), Bcl-2 phosphorylation did not occur, and the cells were not killed by paclitaxel. By contrast, neither an ERK inhibitor (PD098059) nor p38 inhibitors (SB203580 and SB202190) had an effect on Bcl-2 phosphorylation. Thus, our data show that the antiapoptotic effects of Bcl-2 can be overcome by phosphorylation of Ser-70; forms of Bcl-2 lacking the loop region are much more effective at preventing apoptosis than wild-type Bcl-2 because they cannot be phosphorylated. JNK, but not ERK or p38 MAPK, appear to be involved in the phosphorylation of Bcl-2 induced by paclitaxel.
Apoptosis is an evolutionarily conserved physiological process that ensures the elimination of unwanted or damaged cells from multicellular organisms (1, 2) . The aberrant regulation of apoptosis has been observed in many disorders (such as neuronal diseases, AIDS, autoimmune diseases, and cancers) that result from an imbalance between positive and negative regulators of cell survival (2) . In addition, many therapeutic agents eliminate tumor cells by inducing apoptotic cell death (2) . Therefore, understanding the mechanism of apoptosis has important implications in the prevention and treatment of many diseases. The Bcl-2 family of proteins are apoptotic regulators that function as molecular rheostats to control cell survival (3, 4) . These proteins are capable of protecting various cell types from experimentally induced cell death both in vitro and in vivo (5, 6) . Expression of Bcl-2 rescues cell death induced by a variety of stresses, including depletion of trophic factors, antitumor drugs, oxygen free radicals, viral agents, and heat shock as well as neuronal axotomy (5) (6) (7) (8) . However, the molecular mechanism by which Bcl-2 prevents cell death remains incompletely defined.
Mitogen-activated protein kinases (MAPKs) transduce signals from the cell membrane to the nucleus in response to a variety of different stimuli and participate in various intracellular signaling pathways that control a wide spectrum of cellular processes, including cell growth, differentiation, and stress responses (9) (10) (11) (12) (13) . In contrast to p42MAPK͞extracellular signal-regulated kinase (ERK) 2 and p44MAPK͞ERK1, which are activated by mitogenic stimuli, p46 c-Jun N-terminal kinase (JNK)͞stress-activated protein kinase (SAPK) and p54JNK͞SAPK and p38MAPK are activated by inflammatory cytokines and cellular stresses such as osmotic and heat shock, UV and ␥ irradiation, protein synthesis inhibitors, metabolic poisons, lipopolysaccharide, proinflammatory cytokines, growth factor deprivation, and surface Ig crosslinking in human B lymphocytes (11, (13) (14) (15) (16) (17) (18) . In fact, the stimulation of JNK was a prerequisite for cell death under various conditions, and a blockade of JNK activation resulted in the prevention of cell death (18, 19) . MAPKs can be dephosphorylated and inactivated by dual-specificity phosphatases (18, 19) . These findings imply that under certain circumstances JNK may function in an intracellular signaling pathway, leading to cell death. Once activated, JNK͞SAPK phosphorylates several transcription factors including c-Jun (11, 20) , ATF-2 (12) , and ELK-1 (21) , thereby regulating gene expression.
The microtubule-stabilizing agents, such as paclitaxel and docetaxel, and microtubule-disrupting drugs, such as vincristine, vinblastine, and colchicine, have antimitotic and apoptosisinducing activity (22) (23) (24) (25) . Human leukemic, breast cancer, and prostate cancer cells exposed to paclitaxel express a phosphorylated form of Bcl-2 and undergo apoptosis. The loop region of the Bcl-2 contains several phosphorylation sites, and deletion of the loop region negatively regulates Bcl-2 function (26, 27) , suggesting that phosphorylation of Bcl-2 may inhibit Bcl-2 function.
These previous reports prompted us to examine whether the activities of JNK, ERK, and p38 are regulated by microtubuledamaging drugs (paclitaxel and vincristine) and whether they are involved in antagonizing the antiapoptotic function of Bcl-2 through phosphorylation. In addition, we examined the portions of the Bcl-2 molecule targeted by the function-inhibiting phosphorylation by creating a series of Bcl-2 structural mutants, which were made by changing serine residues to alanine. In this study we have shown that JNK is activated by paclitaxel treatment, and JNK activation leads to inactivation of antiapoptotic functions of Bcl-2 through phosphorylation. Deletion of the loop region completely abrogated paclitaxel-induced Bcl-2 phosphorylation, cytochrome c release from the mitochondria, caspase-3 activation, poly(ADP-ribose) polymerase (PARP) cleavage, and apoptosis. However, the S70A mutation was one-third as active as wild-type (WT) Bcl-2.
MATERIALS AND METHODS
Reagents. Paclitaxel (from Taxus brevifolia) and vincristine were purchased from Sigma. Anti-Bcl2 antibody was purchased from Oncogene Science. Antibodies against JNK1, ERK2, p38, and PARP were purchased from Santa Cruz Biotechnology. Protein phosphatase I (PPase I, catalytic subunit) and protein tyrosine phosphatase (PTPase) were purchased from Boehringer Mannheim. Antibodies specific for phosphorylated forms of JNK͞SAPK, ERK, and p38 were purchased from New England Biolabs. Enhanced chemiluminescence Western blot detection reagents were purchased from Amersham Pharmacia. Adenosine 5Ј-[␥ 32 P]triphosphate (specific activity 3,000 Ci͞mmol) was purchased from ICN. Anti-cytochrome c antibody was purchased from PharMingen. p38 inhibitors SB203580 and SB202190, mitogen͞ERK kinase (MEK) inhibitor PD098059, and inactive inhibitor for MAPK SB202474 were purchased from Calbiochem. A dominant-negative SAPK kinase (SEK) 1 (Lys3Arg) and glutathione S-transferase (GST)-c-Jun vectors were provided by J. Kyriakis (Massachusetts General Hospital, Charlestown). The protein concentration was determined with the BCA reagent (Pierce). The caspase-3 assay kit was purchased from CLON-TECH.
Cells and Culture Conditions. MCF-7 and MDA-MB-231 cells were obtained from the American Type Culture Collection. MCF-7 and MDA-MB-231 cells were cultured in RPMI 1640 tissue culture media (Bio-Whittaker) supplemented with 10% FBS and 1% penicillin and streptomycin mixture. For shortwavelength UV light treatment of MCF-7 cells, the medium was removed, and the cells washed twice with PBS. Cells were irradiated at a dose rate of 1.3 J͞m 2 per s at 254 nm for 30 min, after which the original culture medium was added back to the cells.
Construction of Bcl-2 Mutants. Human Bcl-2 cDNA was cloned in pMAX, and nucleotides corresponding to each serine residue were substituted to create a conservative alteration to alanine with a site-directed mutagenesis kit (Promega). Each single mutant was verified by sequencing the cDNA. The ⌬loop Bcl-2 plasmid was a gift from C.B. Thompson (University of Chicago).
Transient Transfection. Cells were plated 24 h before transfection at a density of 1 ϫ 10 6 in 100-mm dishes. Cells were cotransfected with the pCMV-gal plasmid carrying lacZ gene and plasmids for control vector, WT, or mutated Bcl-2 for 24 h. After removing the transfection mixture, the cells were incubated in complete medium for 8 h for recovery and then treated with or without paclitaxel or vincristine. Cells were harvested for analysis of Bcl-2 phosphorylation or apoptosis.
Lysate Preparation. For determination of JNK activity, cells were collected by centrifugation at 300 g for 5 min at 4°C. The cell pellets were washed with cold PBS and solubilized with ice-cold JNK lysis buffer consisting of 25 mM Hepes (pH 7.5), 300 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.1% Triton X-100, 20 mM ␤-glycerophosphate, 0.1 mM sodium orthovanadate, 0.5 mM DTT, 100 g͞ml PMSF, and 2 g͞ml leupeptin. The cellular extract then was centrifuged for 30 min at 1,200 ϫ g to remove debris. The supernatant was used immediately or aliquoted and stored at Ϫ70°C for future use.
For Western blotting, cells were lysed in a buffer containing 10 mM Tris⅐HCl (pH 7.6), 150 mM NaCl, 0.5 mM EDTA, 1 mM EGTA, 1% NP-40, 1 mM sodium orthovanadate, and a mixture of protease inhibitors (1 mM PMSF, 1 g͞ml pepstatin A, and 2 g͞ml aprotinin). The lysates then were sonicated for 10 s and centrifuged for 20 min at 900 ϫ g. The supernatants were used to perform SDS͞PAGE or stored at Ϫ70°C for further analyses. Subcellular Fractionation. Mitochondria and cytosolic (S100) fractions were prepared by resuspending cells in 0.8 ml of ice-cold buffer A (250 mM sucrose͞20 mM Hepes͞10 mM KCl͞1.5 mM MgCl 2 ͞1 mM EDTA͞1 mM EGTA͞1 mM DTT͞17 g/ml PMSF͞8 g/ml aprotinin͞2 g/ml leupeptin, pH 7.4) (21). Cells were passed through an ice-cold cylinder cell homogenizer. Unlysed cells and nuclei were pelleted by centrifugation for 10 min at 750 ϫ g. The supernatant was centrifuged at 10,000 ϫ g for 25 min. This pellet was resuspended in buffer A and represents the mitochondrial fraction. The supernatant was centrifuged at 100,000 ϫ g for 1 h. The supernatant from this final centrifugation represents the S100 fraction.
Measurement of JNK Activity. JNK1 was immunoprecipitated, and kinase activity was measured by using an immunokinase complex assay with GST-c-Jun as a substrate as described (11) . Briefly, cell lysates (200 g protein) first were incubated overnight at 4°C with 10 g of polyclonal anti-JNK1 antibody and then incubated with 20 l of protein A Sepharose for an additional 1 h. The beads were pelleted and washed three times with cold PBS containing 1% NP-40 and 2 mM sodium orthovanadate, once with cold 100 mM Tris⅐HCl (pH 7.5) buffer containing 0.5 M LiCl, and once with cold kinase reaction buffer consisting of 12.5 mM Mops (pH 7.5), 12.5 mM ␤-glycerophosphate, 7.5 mM MgCl 2 , 0.5 mM EGTA, 0.5 mM NaF, and 0.5 mM sodium orthovanadate. The kinase reaction was performed in the presence of 1 Ci of [␥- In Vitro Phosphorylation. In vitro phosphorylation was performed on the GST-Bcl-2 protein. Briefly, JNK1 was immunoprecipitated from either paclitaxel-treated or untreated (control) MCF-7 cells. Cell lysates (200 g protein) first were incubated overnight at 4°C with either 5 or 10 g of polyclonal anti-JNK1 antibody and then incubated with 20 l of protein A Sepharose for an additional 1 h. The beads were pelleted and washed as described in the kinase assay (above). The reaction was performed in 50 l assay buffer (12.5 mM Mops, pH 7.5͞12.5 mM ␤-glycerophosphate͞7.5 mM MgCl 2 ͞ 3.3 M DTT͞0.5 mM EGTA͞0.5 mM NaF͞0.5 mM sodium orthovanadate) containing 1 Ci of [␥- 32 P]ATP, 20 M ATP, and 10 g of GST-Bcl-2 for 30 min at 30°C and stopped by addition of 10 l of 5ϫ Laemmli loading buffer. The samples were heated for 5 min at 95°C and analyzed by 6-20% SDS͞PAGE. Phosphorylated Bcl-2 was visualized by autoradiography.
Western Blot Analysis. Equal amounts of lysate protein (40 g͞lane) were run on either 10% or 8-16% SDS͞PAGE and electrophoretically transferred to nitrocellulose. Nitrocellulose blots first were blocked with 5% BSA in TBS buffer (20 mM Tris⅐HCl, pH 7.4͞500 mM NaCl) and then incubated with primary antibody in TBS containing 0.1% BSA overnight at 4°C. Immunoreactivity was detected by incubation with horseradish peroxidase-conjugated secondary antibody, and specific complexes were detected by the ECL technique.
Apoptosis. Transfection was done as described above. The cells first were washed twice with cold PBS and then fixed with 75% methanol for 30 min. The fixed cells were washed again with cold PBS and stained with 1 g͞ml of 4Ј,6-diamidino-2-phenylindole solution for 30 min. The cells were washed three times in PBS, mounted on slides, and examined by fluorescence microscopy. In transfection experiments, we calculated apoptosis only in lacZ gene-positive cells. By cotransfection with pCMV carrying lacZ gene and staining with 5-bromo-4-chloro-3-indolyl D-galactopyranoside, we calculated that the transfection efficiency was about 70%. Cells were scored as apoptotic if they exhibited margination and condensation of the chromatin and cell shrinkage. For the quantitation of apoptotic cells, more than 500 nuclei from 20 fields were evaluated for each point.
RESULTS

Activation of MAPKs by Paclitaxel.
To test the hypothesis that paclitaxel-induced apoptosis may involve the MAPKs, we examined the effects of paclitaxel on the activation of JNK, ERK, and p38. We first characterized JNK activity by using MCF-7 cells (Fig. 1 ). Cells were treated with vincristine or paclitaxel for various times. The kinase activity increased to a maximum level at 30 min (Fig. 1 A) . The kinase activity also was increased with increasing doses of paclitaxel or vincristine treatment at 30 min (Fig. 1 A) . Similarly, paclitaxel induced JNK activation in MDA-MB-231 cells (data not shown).
We next determined ERK activity by using antibody specific for phosphorylated ERK that recognizes activated forms of both ERK1 and ERK2. ERK activity increased in MCF-7 cells over a period of 60 min and thereafter declined (Fig. 1B) . The immunoblot using ERK2 specific antibody revealed that the level of ERK2 protein did not change in MCF-7 cells (Fig. 1B) . Interestingly, p38 was not activated in response to 0.1 M paclitaxel treatment, and total p38 levels did not change in MCF-7 cells (Fig.  1C) . These data suggest that paclitaxel activates the JNK and ERK, but not p38, pathways.
JNK͞SAPK Signaling Mediates Paclitaxel-Induced Bcl-2 Phosphorylation and Apoptosis. Because the MAPK pathways were activated in response to paclitaxel treatment, we sought to evaluate the contribution of these pathways to Bcl-2 phosphorylation. We first evaluated in vitro phosphorylation of GST-Bcl-2 by activated JNK1 (Fig. 2A) . The JNK1 was immunoprecipitated either from paclitaxel-treated (100 nM) or untreated MCF-7 cells. The immunoprecipitated JNK1 then was incubated with GST-Bcl-2. These results demonstrate that activated JNK1 can phosphorylate Bcl-2 in vitro (Fig. 2 A) . In addition, treatment of cells with paclitaxel had no effect on total JNK1 as determined by the Western blotting (Fig. 2 A) .
We next assessed the role of the JNK pathway in paclitaxelinduced Bcl-2 phosphorylation and apoptosis by using a dominant-negative SEK1 (K3R) mutant. Transfection of cells with SEK1 (WT) had no effect on paclitaxel-induced JNK activation, Bcl-2 phosphorylation, and apoptosis (Fig. 2B) . By comparison, transfection of cells with SEK1 (K3R) abolished paclitaxelinduced JNK activation, Bcl-2 phosphorylation, and apoptosis (Fig. 2B) . Thus, in the absence of JNK activation, Bcl-2 phosphorylation and cell apoptosis do not occur.
We next examined the effect of dephosphorylation of activated JNK, by MAPK phosphatase (MKP) 1 on Bcl-2 phosphorylation. These MKP-1 sense and antisense expression plasmids have been described (15) . As shown in Fig. 2C , transient transfection of cells with MKP1-AS plasmid had no significant effect on paclitaxelinduced JNK activation, Bcl-2 phosphorylation, and apoptosis. By comparison, transfection of cells with MKP-1 sense plasmid abolished paclitaxel-induced JNK activation, Bcl-2 phosphorylation, and apoptosis (Fig. 2C) . Thus, dephosphorylation of activated JNK appears to prevent Bcl-2 phosphorylation and apoptosis.
To evaluate the involvement of ERK and p38 in Bcl-2 phosphorylation and apoptosis, we used the specific inhibitors of MEK1͞2 (PD098059) and p38 (SB203580 and SB2022190). Inhibition of MEK1͞2 by PD098059 resulted in the inhibition of ERK1͞2 as MEK1͞2 are upstream kinases of ERK1͞2 (data not shown). MCF-7 cells were pretreated for 1 h with or without 10 M of MEK1͞2 inhibitor (PD098059) or p38 inhibitors (SB203580 and SB2022190), followed by incubation with 100 nM paclitaxel for 24 h (Fig. 2D) . We used SB202474 (inactive inhibitor of p38) as a negative control. As expected, the ERK inhibitor (PD098059) and p38 inhibitors (SB203580 and SB202190) had no effect on paclitaxel-induced JNK activation and Bcl-2 phosphorylation (Fig. 2D) . We also confirmed that neither the ERK inhibitor (PD098059) nor the p38 inhibitors (SB203580 and SB2022190) had any effect on paclitaxel-induced apoptosis (Fig. 2D) . These data confirm our findings that JNK, but not ERK and p38, is involved in Bcl-2 phosphorylation and apoptosis.
Effects of Deletion of the Loop Region and Single-Point Mutations of Serine to Alanine within the Loop Region on
Bcl-2 Phosphorylation and Apoptosis. We previously have demonstrated that okadaic acid, but not vanadate, led to phosphorylation of Bcl-2 in response to paclitaxel treatment (24) , suggesting that Bcl-2 is phosphorylated on serine͞ threonine residue(s). Recent reports confirmed the involvement of serine residues in Bcl-2 phosphorylation (25, 26) . However, it is not yet clear how many sites are phosphorylated in response to paclitaxel treatment. To understand the specific serine residue(s) on Bcl-2 protein responsible for paclitaxelinduced phosphorylation, we mutated several serine residues of Bcl-2 protein to alanine residue(s) by site-directed mutagenesis. This homologous substitution usually does not affect the conformation of the protein but prevents phosphorylation. After conservative Ser3Ala mutagenesis, the resulting plasmids were used to transfect MDA-MB-231 cells, which do not express endogenous Bcl-2 and thus represent a sensitive indicator system within which to test the function of Bcl-2 mutant phenotypes with paclitaxel treatment. As shown in Fig.  3A , mutation of Ser-70 to alanine (S70A) abolished the ability of paclitaxel to induce Bcl-2 phosphorylation. Interestingly, mutations on other possible sites (S51A, S87A, and S105A) did not appear to affect paclitaxel-induced Bcl-2 phosphorylation (Fig. 3A) . Deletion of the transmembrane region of Bcl-2 (MDA͞⌬TM) also had no effects on Bcl-2 phosphorylation. At base line most Bcl-2 molecules are not phosphorylated. Interestingly, deletion of the loop region of Bcl-2 (MDA͞⌬loop) abolished paclitaxel-induced Bcl-2 phosphorylation (Fig. 3A) .
Previous studies have demonstrated that, as compared with its full-length counterpart, the loop deletion mutant of Bcl-2 displays a more potent inhibition of apoptosis induced by IL-3 deprivation in murine pro-B FL5.12 cells (28) . Similarly, anti-IgM-induced apoptosis of WEHI-231 cells was blocked by the loop deletion mutant but not the full-length Bcl-2. In the present study, the death suppressor activity of the Bcl-2 was assessed by transfecting Bcl-2 (WT and mutants) into MDA-MB-231 cells. (Fig. 3B) . More than 70% apoptosis was observed for paclitaxel-treated cells expressing WT Bcl-2 (MDA͞WT) or any of the three mutants (MDA͞S51A, MDA͞S87A, or MDA͞S105A). However, about 27% of the treated cells bearing S70A mutation underwent apoptosis even though Bcl-2 was not phosphorylated (Fig. 3 A and B) . Transfection of cells with transmembrane region deletion mutant (MDA͞⌬TM) significantly reduced paclitaxelinduced apoptosis (50%). By contrast, the loop region deletion mutant (MDA͞⌬loop) was completely resistant to paclitaxelinduced apoptosis (Fig. 3B) , suggesting that the loop region is crucial to the down-regulation of Bcl-2 function. However, in contrast to phosphorylated normal Bcl-2, about one-third of the antiapoptotic effect was retained by phosphorylated Bcl-2 that could not be inserted into the membrane (Fig. 3B) . Thus when phosphorylated Bcl-2 does not associate with the membrane it retains some capacity to prevent apoptosis. In addition, the apoptosis seen in cells bearing the S70A mutant suggest that phosphorylation of the Ser-70 site is not sufficient to antagonize all of the antiapoptotic functions of Bcl-2.
We previously have observed phosphorylation of Bcl-2 in cells treated with okadaic acid and paclitaxel, but not by vanadate (24) . We therefore examined the nature of Bcl-2 phosphorylation in WT and mutants of Bcl-2 by using PPase I or PTPase (Fig. 3C) . Lysates from Bcl-2 transfected and paclitaxel-treated cells were incubated with protein phosphatase. PPase I, but not PTPase, dephosphorylated phosphorylated WT Bcl-2 (MDA͞WT), suggesting that Bcl-2 protein is phosphorylated on serine͞threonine residues (Fig. 3C) . Incubation of lysates from MDA͞S51A, MDA͞S87A, MDA͞S105A, and MDA͞⌬TM cells with PPase I resulted in dephosphorylation of phosphorylated Bcl-2 (Fig. 3C ).
As shown above, paclitaxel did not cause Bcl-2 phosphorylation in MDA͞⌬loop and MDA͞S70A cells. Thus, in vivo Bcl-2 protein appears to be phosphorylated on serine͞threonine residues, and Ser-70 is the most important site. These results suggest that the phosphorylation state of Bcl-2 is determined by the dynamic interplay of the level of kinase activation and the level of phosphatase activation. However, stimuli that lead to kinase activation (e.g., paclitaxel) or phosphatase inhibition can lead to Bcl-2 phosphorylation and a loss of its antiapoptotic activity. Thus these data demonstrate that kinase and phosphatase activities influence phosphorylation of Ser-70 and the loop region of Bcl-2. Bcl-2 Phosphorylation Is Linked to Mitochondrial Functions. Mitochondria appear to play an important role in the early events of apoptosis (29) . The loss of cytochrome c from the mitochondrial intermembrane space has been proposed as an early central event in apoptotic cell death (30, 31) . Because Bcl-2 has been shown to localize to the outer mitochondrial membrane and found to inhibit cytochrome c release from the mitochondria (30, 31) , the effects of Bcl-2 (WT and mutants) on cytochrome c redistribution in response to paclitaxel treatment were investigated. The presence of cytochrome c in the cytosolic and mitochondrial fractions of Bcl-2-transfected cells treated with paclitaxel was assessed. Fig. 4A (Upper) clearly demonstrates that cytochrome c was mainly localized to mitochondrial fractions in untreated MDA͞Neo, MDA͞WT, MDA͞S70A, and MDA͞ ⌬loop cells. Paclitaxel treatment caused a marked increase in cytochrome c levels in the cytosolic fraction (S) of MDA͞Neo cells (Fig. 4A, Lower) . By comparison, cytochrome c release from mitochondria to cytosol was partially blocked in MDA͞WT and MDA͞S70A cells. In contrast, cytochrome c largely remained in the mitochondria of MDA͞⌬loop cells after paclitaxel treatment (Fig. 4A, Lower) . These data suggest that the absence of the loop region of Bcl-2 prevents the inhibition of Bcl-2 function; Bcl-2 must be inhibited for paclitaxel to promote the release of cytochrome c from mitochondria to cytosol.
Because cytochrome c has been shown to activate caspase-3, which in turn cleaves PARP (32, 33) , we compared the nature of caspase-3 activation and PARP cleavage in MDA cells transfected with WT and mutants (S70 A and ⌬loop) of Bcl-2. Treatment of cells with paclitaxel (100 nM) resulted in caspase-3 activation in MDA͞WT cells (Fig. 4B ). Caspase-3 activity was reduced to 50% in MDA͞S70A cells compared with MDA͞WT cells. Interestingly, no significant caspase-3 activity (over control) was observed in MDA͞⌬loop cells (Fig. 4B) . We next examined the cleavage of PARP in Bcl-2 transfectants in response to paclitaxel treatment (Fig. 4C) . Treatment of cells with paclitaxel resulted in PARP cleavage in MDA͞WT and to a lesser degree (about one-third) in MDA͞S70A cells (Fig. 4C) . In contrast, cleavage of PARP was not observed in MDA͞⌬loop cells after paclitaxel treatment (Fig. 4C) . Overall, these data suggest that the loop region deletion mutants of Bcl-2 completely block cytochrome c redistribution, caspase-3 activation, and PARP cleavage in MDA cells. The downstream events are only partially blocked in S70A-expressing cells. Without the loop region, the signal transduction cascade that normally interferes with Bcl-2 function and leads to apoptosis is ineffective.
DISCUSSION
In this study, we report that the activation of JNK, but not ERK and p38, plays a pivotal role in mediating apoptosis via the inactivation of the antiapoptotic protein Bcl-2 at least in part through phosphorylation of Ser-70 on Bcl-2. Bcl-2 can prevent or delay apoptosis induced by a wide variety of stimuli and insults, suggesting that Bcl-2 controls a crucial step in the final common pathway for cell death (2) . Recent data support that the posttranslational modification of Bcl-2 by phosphorylation is important for the regulation of Bcl-2 function (22, 24) . Here, we demonstrate that JNK is involved in the phosphorylation of Bcl-2, and inhibition of JNK activity, either by overexpression of MKP-1 or by a dominant-negative SEK1 (K3R), blocks the phosphorylation of Bcl-2 and apoptosis in breast cancer cells. An alternative pathway to apoptosis involves the inhibition of a serine phosphatase that leads to phosphorylation of Bcl-2. In addition, deletion of the loop region completely blocks paclitaxel-induced Bcl-2 phosphorylation, cytochrome c release, caspase-3 activity, PARP cleavage, and apoptosis. On the other hand, the S70A mutant could not be phosphorylated, but some activation of the downstream steps of apoptosis nevertheless occurred. Thus, Bcl-2 that cannot be phosphorylated on Ser-70 retains some, but not all, of its antiapoptotic efficacy. This result implies either that paclitaxel inhibits Bcl-2 function in some fashion in addition to phosphorylation or that the S70A mutant Bcl-2 is less effective than WT Bcl-2 at preventing apoptosis.
Our results suggest that treatment of cells with paclitaxel leads to the activation of ERK and JNK, but has no effect on p38 MAPK. JNK often is stimulated in response to many cellular stresses (11, 14, 18) , but the downstream effectors involved in mediating its apoptotic effects have not been identified. Furthermore, JNK is thought to mediate an intracellular signal for stress-activated apoptosis (18, 19) . The mechanism by which Bcl-2 prevents apoptosis is incompletely defined, even though Bcl-2 has been proposed to function as an antioxidant or free-radical scavenger or to modulate calcium efflux through the endoplasmic reticulum in some experimental models (34) (35) (36) . Our findings suggest that paclitaxel-mediated JNK activation is closely linked to increases in the phosphorylation of Bcl-2, resulting in the cell death signal. Similar to our findings, a recent report demonstrated that JNK was capable of phosphorylating Bcl-2 (27) , suggesting the possibility that JNK could play a role in paclitaxel-induced Bcl-2 phosphorylation. We previously have demonstrated that the cAMP-dependent protein kinase (PKA) is activated in response to paclitaxel treatment, and the inhibition of PKA activation can block Bcl-2 phosphorylation and apoptosis (24) . Although our prior data indicated that activated PKA could directly phosphorylate Bcl-2, we believe that JNK plays a dominant role in Bcl-2 phosphorylation and apoptosis. Both kinases are capable of phosphorylating Ser-70 but some stimuli that lead to Bcl-2 phosphorylation (e.g., short-wavelength UV light and retinoic acid) do not activate PKA. In contrast, we have not observed any proapoptotic stimuli that do not activate JNK.
Bcl-2 can prevent or delay apoptosis induced by a wide variety of stimuli and insults (6) . Recent studies have demonstrated that Bcl-2 is the target for the posttranslational modification, such as phosphorylation (24, 25, 28, 37) . The loop domain of Bcl-2 contains the serine phosphorylation sites, and phosphorylation in this region has been reported to impair the antiapoptotic effect of Bcl-2 (28, 38) . Contrary to our data and others' data (28, 39, 40) , it has been suggested that phosphorylation of Bcl-2 protein is necessary for antiapoptotic function in some models (26, 41) . The effects of the loop domain-deleted mutants have not yet been assessed in those models. If phosphorylation were essential for Bcl-2 function, loop deletion mutants should be nonfunctional rather than hyperfunctional, as we have seen. However, consistent with our findings, the deletion of the loop domain potentiates the protective effect of Bcl-2 against growth factor withdrawal and anti-IgM-induced apoptosis (28, 39) . We are unable to explain the differences in the role of Bcl-2 phosphorylation in the two systems. Interestingly, a recent study has demonstrated that the phosphorylation of Bcl-2 is a marker for M phase events rather than a determinant of apoptosis (42) . Paclitaxel produces cell cycle arrest in M phase. However, our data would argue that phosphorylation of Bcl-2 is functionally linked to apoptosis because in its absence (e.g., loop deletion mutants), apoptosis does not occur, but growth arrest does.
It has been shown that Bcl-2, which is located in part in the outer mitochondrial membrane, inhibits drug-induced mitochondrial permeability transition and the release of cytochrome c (30, 31) . Cytochrome c has been shown to bind APAF-1, and in the presence of dATP, promotes the activity of caspase-9, which in turn activates caspase-3 (33) . Our findings show that paclitaxel causes the cytosolic accumulation of cytochrome c, resulting in caspase-3 activation and apoptosis in MDA͞Neo and to a lesser extent in MDA͞S70A, but not in MDA͞⌬loop cells. The loop deletion mutation of Bcl-2 (MDA͞⌬loop) was not phosphorylated by paclitaxel, and cytochrome c redistribution, caspase-3 activation, and PARP cleavage did not occur. Bcl-2 overexpression has been shown to inhibit caspase-3 activation by blocking the mitochondrial cytochrome c release (30, 31) . This finding suggests that the paclitaxel-induced phosphorylation of the loop domain of Bcl-2 may be important for the ability of Bcl-2 to permit release of cytochrome c from the mitochondria to the cytosol.
It is not completely clear from these studies what role the transmembrane domain of Bcl-2 plays in its function. Transfection of cells with a transmembrane deletion mutant Bcl-2 (⌬TM Bcl-2) resulted in phosphorylation of ⌬TM Bcl-2 and apoptosis in response to paclitaxel treatment, despite the mutant's inability to attach to membranes. When Bcl-2 is phosphorylated, apoptotic protein Bax is released from the Bcl-2͞Bax complex (24) , and free Bax can induce apoptosis (3, 4) . Thus, phosphorylated Bcl-2 mediates some antiapoptotic activity even when it does not insert in membranes. It is possible that the soluble molecule can interfere with Bax activity to some extent.
Our results suggest that paclitaxel-mediated JNK activation is closely linked to increases in the phosphorylation of Bcl-2, resulting in the cell death signal. Because the Ser-70 residue is conserved through phylogeny in Bcl-2, including in human, rat, chicken, and mouse (43) , it may contribute some of the physiologically relevant regulation of Bcl-2 functions related to prevention of apoptosis. Our data suggest a model whereby proapoptotic signals such as paclitaxel treatment activate members of the JNK͞SAPK MAPK family, which then disable Bcl-2 through phosphorylation within its flexible loop region. Such Bcl-2 inactivation would be expected to leave unopposed proapoptotic processes such as mitochondrial membrane depolarization, generation of reactive oxygen species, and activation of caspases leading to apoptosis. It is possible that alterations in the loop region of Bcl-2 could account for some cases of chemotherapy resistance. Inability to turn off Bcl-2 could enable a cell to survive a chemotherapy assault rather than proceed through apoptosis.
